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Main Text:
Microtubules are cytoskeletal filaments essential for long-distance transport of intracellular cargos towards their plus and minus ends via kinesin and dynein motors, respectively 1 . The stepping behavior of kinesin has been studied in detail at the single molecule level, both in the presence and in the absence of external loads on the motor [8] [9] [10] [11] [12] [13] [14] . For most purposes, microtubules have been assumed to be passive tracks for motility that stimulate kinesin's ATPase activity. However, mounting evidence suggests that kinesin binding to microtubules may result in conformational changes in the microtubule lattice that result in kinesin's cooperative binding [15] [16] [17] . Notably, GDP-microtubules elongate 1.3 -1.6 % when interacting with saturating concentrations of kinesin-1 18, 19 .
Implicit in these experiments and their interpretation is the concept of structural plasticity of the microtubule lattice playing a role in microtubule function 20 . Recent theoretical work suggests that kinesin-induced asymmetric shear deformation of the microtubule lattice may be the mechanism of cooperative kinesin binding 21 . To determine directly if external shear forces on the microtubule lattice affect the mechanosensitivity of kinesin molecules, we used optical tweezers to impart mechanical forces on microtubules during processive kinesin stepping (Fig. 1 ).
We first examined the effect of assay geometry on the duration of kinesin attachment in the presence of mechanical load, since recent theoretical work 7 proposed that the well-established single-bead optical trapping assay 8 applies forces to kinesin that are vertical to the microtubule long axis, resulting in the acceleration of detachment. Additionally, we checked if different substrates and/or microtubule surface-attachment strategies have any effect on the mechanical activity of a two-headed kinesin-1 construct (Fig. 1a) , resulting in the bead moving rapidly back to the center of the trap before the motor reengages to start another processive run. The force at detachment (Fdetach) and the duration of attachment (t) at 2 mM MgATP were measured for each run ( To apply variable tensile forces on a microtubule while interacting with kinesin and reduce the effect of the force component vertical to the microtubule axis, which is inherent to the single-bead assay 7 , we used a dual laser trap and the three-bead assay (Fig. 1) .
The three-bead assay has been used mostly for single molecule studies of the nonprocessive actomyosin complex 6 and less frequently for microtubule interacting motors [24] [25] [26] . Two streptavidin-coated polystyrene beads (dia. = 0.82 m), trapped by two laser beams ~10 um apart, were brought in contact with a taxol-stabilized biotinylated GDPmicrotubule in solution until a stable "dumbbell" assembly was formed (Fig. 1b) . Initial pretensile force (Fpretensile = 2-9 pN) was applied to the dumbbells by moving the two laser beams further apart. Kinesin molecules were anchored on surface-immobilized spherical pedestals (dia. = 2.5 um) against which microtubule dumbbells were brought in contact. MgATP reached forces  5 pN more frequently and remained attached at these high forces remarkably longer than observed in the single-bead assay (Fig 1d) . Representative examples of the distribution and statistics of Δt and Fdetach between kinesin and different microtubule dumbbells are shown in Fig. 2g and Fig. 2k , correspondingly. The median duration of the runs produced by kinesin varied for different dumbbells by more than an order of magnitude (0.14 s and 3.8 s) and followed a bell shape distribution (Fig. 2m) (Fig. 2m) . The average Fdetach for dumbbells was 42 % higher than the corresponding average for surface immobilized microtubules (6.0  1.8 pN vs. 4.2  1.5 pN; SD; p < 0.05 Mann-Whitney test; n = 5343 and 2087 runs, respectively) (Supplemental Fig. 3) . Although median-t and <Fdetach> changed significantly, during the initial motility phase (Fdetach  3 pN) the weighted mean of the average velocity of kinesin between the single-bead and three-bead assays differed by less than 10% (300  65 nm/s vs. 280  83 nm/s, respectively; Supplemental Fig. 4 ).
Similar differences between microtubule dumbbells and surface-immobilized microtubules, were observed when GMPCPP was used instead of GTP and taxol to produce stable microtubules (Supplemental Fig. 5 ). This result suggests that the broad variability of median-t observed in the three-bead assay (Fig. 2m) is not due to the variability in microtubule protofilament number 27, 28 .
The distribution of t between a single kinesin and a given dumbbell did not show dependence on the magnitude of the tensile forces between 2 -9 pN applied on the dumbbell (Supplemental Fig. 6 ). Additionally, when no tensile forces were applied and only the one bead attached to the plus-end of the microtubule was trapped, kinesin achieved the high forces (Fig. 2d) and long dwell times observed for dually trapped dumbbells (Fig. 2l) . Note that for most of the dumbbells <Fdetach> (~ 6 pN) was greater than Fpretensile (~4 pN). To test if the broad distribution of median-t (Fig. 2m) is due to kinesins processing along microtubules not parallel to the coverslip (Supplemental Fig.   7a ), we tested the sensitivity of the t-distribution for a given dumbbell to changes in z-7 displacement. Increasing by 50 or 100 nm the separation along the z-axis between a given dumbbell and the kinesin changed only the probability of kinesin attachment, but not the t-distribution (Supplemental Fig. 8b, c, d, e) . However, the z-force developed in the single bead assay is expected to be larger (~ 25 pN) than in the three-bead assay (~0.4 pN; Supplemental Fig. 7 ). This larger force has been proposed to accelerate the forced detachment kinetics of kinesin 7 and lead to a narrow distribution of median-t, as we see in our experiments (Figure 2m ).
The most variable experimental parameter among the dumbbells in the three-bead assay is the geometry of shear forces (Supplemental Fig. 9 ). When microtubule dumbbells are formed, the trapped beads do not always bind at the same azimuthal position relative to each other or the surface-immobilized kinesin molecule. Therefore, the relative azimuthal positions of the pair of opposing forces between the interacting kinesin and the plus-end trapped bead will be variable in the three-bead assay (Supplemental Video 2). If this angular variability is responsible for the broad distribution of attachment durations t (Fig. 2m) , then the values median-t1 and median-t2 of kinesin interacting at diametrically opposite positions along the cross section of the same microtubule dumbbell should be different.
To test this proposal, we collected two data sets for each dumbbell (n = 24 dumbbells). First the dumbbell was brought into contact with a pedestal on the bottom of the experimental chamber, and then to a pedestal on top of the same chamber (Fig. 3a) .
By testing this pair of interactions, we are probing diametrically opposite sides of the microtubule, and thus changing the angle  (Fig. 3b) . We found the median-t1 for pedestals on the bottom and median-t2 for pedestals on the top to be anti-correlated 8 with a Pearson coefficient of -0.5 (p = 0.02). Note that the short and long interactions did not always occur on the same side of the chamber, but were rather random, arguing against a systematic artifact causing the anti-correlation (Fig. 3c) . Indeed the distributions of median-t1 and median-t2 are similar to each other (Fig. 3d) and to the distribution in Fig. 2m .
To establish that the anti-correlation between median-t1 and median-t2 was due to a significant change of the relative azimuthal position, , we performed experiments this time testing the same dumbbell (n = 17) against two different pedestals on the same side of the experimental chamber ( Fig. 3b and 3e) . In contrast to the experiment above, the Pearson correlation coefficient for median-t1 and median-t2 is positive 0.7 (p = 0.001) (Fig 3f) . It is likely that the actual values of both correlation and anti-correlation coefficients are underestimated because we do not have a fine positional control at the protofilament level. The azimuthal position  will not always be exactly the same for spherical pedestals across the same surface (Fig. 3f) and not always exactly - for spherical pedestals in opposing surfaces (Fig 3b) .
Our results show that the attachment duration and the magnitude of opposing forces that can be sustained by the microtubule-kinesin complex, or else kinesin's loadbearing capacity, is highly variable and can be dramatically affected by the geometry of forces relative to its microtubule track. For different cellular processes in which the microtubule-kinesin complex can be subject to opposing forces such as during cargo transport and mitotic division the 3D orientation of the force vector can be significantly different between the two cases. A significant difference in the force vector due to the presence of a larger force component vertical to the microtubule in the single-bead assay 9 relative to three-bead assay is most likely the reason for the observed differences in <median-t > of the microtubule-kinesin complex between the two assays, supporting a recent theoretical study 7 . Moreover, when opposing forces are oriented mainly along the microtubule axis (dumbbell assay), kinesin's load-bearing capacity depends on the relative angular position of the pairs of opposing forces around the circumference of the microtubule. Depending on its location on the microtubule, kinesin can switch from a fast detaching motor to a persistent motor that can sustain its microtubule attachment at high forces (>5 pN) for extended lengths of time, with almost an order of magnitude difference.
The mechanism for the observed variability of kinesin's load-bearing capacity in the threebead assay is likely related to the structural plasticity of the microtubule and/or possible cooperative clustering of different post-translationally modified tubulin isoforms during microtubule polymerization, such that not all the protofilaments of a microtubule are equivalent interacting substrates for kinesin under opposing forces. Nevertheless, our findings point to a more general mechanism by which the duration of the interaction between microtubules and binding partners can be a more complex function of the geometry of forces than previously appreciated.
Methods.
Full list of all the reagents and methods are contained in the Supplementary Information.
